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Abstract 
This experiment examined the effect of sub-critical water hydrolysis as a pretreatment for 
anaerobic digestion of macauba nut shells for production of renewable methane. Renewable 
natural gas was made from macauba nut shells with and without pretreatment using subcritical 
water hydrolysis as the pretreatment. The control reactor had an average solid content of 16.9%, 
an accumulated volume of biogas of 17.6 liters and an average methane composition of 38%. The 
pretreatment reactor had an average solids content of 4.4%, an accumulated volume of 22.5 liters 
and an average methane composition of 67%. The accumulated energy of the pretreated reactor 
was 97.9 MJ/kg and the control reactor was 4.69 MJ/kg. This shows that the pretreated reactor 
produced almost 21 times more energy per kilogram of macauba shells used to feed and start up 
the digestor, meaning that this pretreatment performed far better than the control. 
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1.0 Introduction 
Due to the negative environmental impact of fossil fuels, many countries are finding new 
renewable energy sources to shift their dependence on the negative energy sources [11]. The 
greenhouse gas effect of methane and carbon dioxide is requiring that countries find alternative 
energy sources that reduce the harmful effect of these gases. Brazil is one of the world’s leading 
countries in renewable energy sources [7]. The country passes many policies in favor of companies 
and citizens switching to renewable energy sources. Brazil has a large agriculture industry which 
makes producing bioenergy from this renewable source an appealing option.  Biodiesel and biogas 
are both renewable energy sources of particular interest in Brazil and around the world [13]. This 
project looked specifically at the production of biogas using anaerobic digestion. 
Biogas is a combination of methane and carbon dioxide and can be used for mechanical and 
thermal energy. It can be produced from either anerobic digestion or composting and there are 
benefits to both. Anaerobic digestion is the breakdown of organic material by microorganisms in 
the absence of oxygen [8]. It occurs in four main steps where feedstock enters the digestor as 
carbohydrates and proteins and slowly breaks down into methane and carbon dioxide. The largest 
limiting factor of anaerobic digestion is the slow rate of breakdown of material [7]. Because 
anaerobic digestion relies heavily on the breakdown of material, steps can be taken to speed up the 
process [10]. Many feedstocks are pretreated to either break them down or make it easier for the 
organisms to break it down [18]. There are many different types of pretreatment and one of the 
difficulties of anaerobic digestion is matching the correct pretreatment to the feedstock selected 
[11]. Anaerobic digestion has a high start up cost and with the wrong pretreatment, it prevents the 
process from being scaled up and economically feasible [23]. This experiment was designed to test 
the feasibility of a certain pretreatment for a given material.  
Macauba nut shells are good candidates to be used as a raw material as a feedstock for anaerobic 
digestion. Macauba nuts are found in many countries in South America and are very common in 
Brazil. The nuts are used in the cosmetic, chemical, energy and biodiesel industry. Only the cake 
part of the macauba nut is used to produce biodiesel meaning the shells are discarded as waste. 
Using the residue from biodiesel reduces the overall amount of waste and increases the energy 
production from a single macauba nut [7]. Currently in Brazil, soybeans are the highest producer 
of renewable energy sources, because they are used to produced biodiesel. Soybeans have more 
edible applications than macauba nuts, so they are more readily available [14]. There is a lack of 
research into the ability of macauba nuts to produce renewable energy.  
This project examined the feasibility of a particular pretreatment for anaerobic digestion of the 
macauba nut. Sub-critical water hydrolysis is a pretreatment that focuses on breaking down the 
raw material into a liquid state for the digestor [12]. A control reactor with ground macauba shells 
was compared to a pretreated reactor with hydrolysis used as the raw material. Daily characteristics 
were taken from each of the digestors, including volume and composition of biogas produced. 
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Every 2-3 days a full characterization of the digestors was performed which included total solids 
content, pH, alkalinity, ammoniacal nitrogen content and chemical oxygen demand.  
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2.0 Background 
2.1 Biogas 
Pollution prevention and human health issues require increasingly sustainable energy solutions 
[11]. Due to this increase in awareness for environmental safety, renewable energy is an ever-
growing industry. One industry in particular that has experienced this growth is the biofuel 
industry. Biofuel is defined as a fuel source that is derived directly from living matter. There are 
many manners to produce biofuel, but two main ways are the production of biogas and the 
production of biodiesel.  
Biogas it a mixture of carbon dioxide and methane [3]. It is produced from a process called 
methanogenesis, where organic material degrades into methane and carbon dioxide. Raw material 
for this process can be found from many different sources such as animal or food byproducts [11]. 
These substrates naturally produce methane and left unused, this methane is released into the 
atmosphere.  The greenhouse effect of methane is roughly 27 times higher than carbon dioxide so 
there is a strong environmental advantage to using the biogas since this process occurs naturally 
already [3].  Two of the most common ways to produce biogas are from anerobic digestion and 
composting, where anaerobic digestion occurs in the absence of oxygen like the name suggests.  
Biogas production stabilizes waste and has a net energy production making it a viable option for a 
renewable energy source. It is also carbon neutral which means it does not increase the overall 
level of carbon dioxide. As a fuel source, biogas is used for different power plants and can be used 
for heating in industrial settings.  
 
2.2 Macauba Nut 
One agricultural source for raw material for the production of biogas is Macauba oil. Macauba is 
a palm native to Brazil that is used for human consumption, cosmetics, and a source for alternative 
fuel [13]. Macauba has a high oil content with an average between 23 and 34% which makes it a 
promising source for biodiesel production. There are four common parts to the macauba nut, the 
epicarp, mesocarp, endocarp and endosperm. Figure 2.1 shows the four layers of the macauba nut. 
The epicarp is the shell of the nut and can be used in anerobic digestion to produce biogas, used to 
produce thermic energy or used in animal feed. The mesocarp and the endosperm are both cake 
like layers that have a high oil content. They can be used to produce biodiesel, in cosmetics or in 
the chemical industry. The endocarp layer can be used to produce energy in the form of coal. All 
parts of the macauba nut are useful in various industries except the food industry. Due to the lack 
of edible applications of the nut, it is not as widely produced in countries like Brazil.  
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Figure 2.1: The four layers of the Macauba Shell 
 
2.2.1 Macauba Oil for Biodiesel Production 
Currently in Brazil macauba is not the leading producer of biodiesel. Soybeans are the largest 
producer of biodiesel in Brazil because of the abundance of the crop [19]. Macauba nuts have less 
food applications and are not as widely produced, they are however, easier to grow than soybeans. 
The nut has a high resistance to pests and has the ability to grow in areas of low rainfall [17]. 
Because of this, it is cheaper to produce macauba then to produce soybeans.  
Biodiesel is different from biogas but is another promising renewable energy source due to the 
similarities with regular diesel [13]. It is a biodegradable fuel that can be used in preexisting 
engines without modifications [17]. Currently about 80% of the biodiesel production in Brazil is 
from soybean oil, however macauba oil is much cheaper and is growing as a source of raw material 
for biodiesel [16]. To make biodiesel, a transesterification reaction occurs to produce fatty acid 
methyl esters (FAMEs) and glycerol [16]. The FAMEs are the desired product of the reaction with 
glycerol being an undesired side product. The residue left over after the production contains a 
mixture of sugars, acids and glycerol [7]. This residue can be used to produce ethanol or can be 
used to biogas. With macauba nuts, only the endosperm and mesocarp layers can be used to 
produce biodiesel, leaving the epicarp and endocarp layers as byproducts of the production that 
can be used in other forms of energy production.  
A lot of research is being done into the applications of Macauba as a renewable energy source. 
When Macauba is used for biodiesel production only the nuts are used and the shells are waste. 
These shells can be used as raw material in other methods of producing bioenergy.  
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2.3 Anaerobic Digestion 
A popular method for converting raw material to biogas is through anaerobic digestion. This 
process, also commonly known as biomethanation, allows energy to be produced in the form of 
biogas [3]. This process works by degrading raw material using microorganisms and bacteria. In 
order to produce methane the reactor contains an active inoculum of microorganisms to digest the 
material. This is a common process that occurs many places in nature. One place of particular 
interest is in landfills because this process produces methane and carbon dioxide which are both 
harmful greenhouse gases. Biogas production can not only reduce the release of these harmful 
chemicals into the environment but also harness these gases into a renewable energy source [18]. 
Anaerobic digestion occurs in four steps [8]. The first step is hydrolysis where the raw material, 
mostly made up of proteins, fats and carbohydrates, is broken down into sugars, fatty acids and 
amino acids. In hydrolysis, water is typically used to break down the organic matter.  This leads 
into the second step which is acidogenesis [4]. This is where the molecules are broken down further 
after hydrolysis. Bacteria breaks down the sugars and fatty acids into more acidic byproducts like 
ammonia, carbonic acids and alcohols. The mixture is still too large for the ultimate end goal of 
producing methane and needs to be digested further.  
In the third step, acetogens take the products produced in the second step and create acetate. This 
is why this step is named acetogenesis. The products created in this step are carbon dioxide, 
hydrogen and acetate. This step is the most important to occur in an anaerobic environment due to 
the thermodynamics of the reactions taking place. The last step is methanogenesis where 
methanogens finally produce methane from the products of the third step. The main way to produce 
methane is from acetic acid produced in the third step, however, some of the products produced in 
step two can also be used by the methanogens to produce methane. The two chemical reactions to 
produce methane can be seen in equations 1 and 2 below. 
𝐶𝑂ଶ + 4𝐻ଶ
௬௜௘௟ௗ௦
ሱ⎯⎯⎯ሮ 𝐶𝐻ସ + 2𝐻ଶ𝑂 (1) 
𝐶𝐻ଷ𝐶𝑂𝑂𝐻
௬௜௘௟ௗ௦
ሱ⎯⎯⎯ሮ 𝐶𝐻ସ + 𝐶𝑂ଶ (2) 
 
There are many different factors that affect the efficiency of biogas via anaerobic digestion 
production including mixing rate, reactor design, pretreatment steps and pH of the solution. The 
reaction can occur in one or multiple reactors and can occur as a batch or continuous process. 
Different types of reactors help in different aspects of the reaction [10]. A continuous stirred-tank 
reactor (CSTR) can be used to ensure constant mixing within the process. A plug flow reactor is 
another viable option for equal mixing because the feed flows through a bed packed with particles 
to mix it [8].  
The pH of the system is an important factor to consider with reactor conditions. The methanogens 
perform most efficiently in a pH between 6.8 and 7.2 [8]. However, other steps do not perform 
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optimally at this pH so some variation from this pH range is needed. Temperature is an important 
factor as well. Most reactors operate in either mesophilic or thermophilic temperatures with 
maximums at 35 degrees Celsius or 55 degrees Celsius [22]. Although thermophilic temperatures 
are more favorable for endergonic reactions, they are also affected more by changes in the 
surroundings.  
2.3.1 Pretreatment Options 
Depending on the type of feedstock being harvested, different pretreatment steps can be taken to 
produce a higher yield of biogas. Feedstock of raw material is harvested and then commonly 
physically pretreated or shredded before it is fed into the reactor [22]. Pretreatment is common in 
many biomass feedstocks because it can break down proteins like cellulose and lignin. Common 
pretreatments include, ultrasonic, alkali and thermal hydrolysis. 
There are many different options for feedstock in anaerobic digestion. Historically, manure, 
sewage sludge and food waste have been optimal raw material for anaerobic digestion [24]. Due 
to the differences in all of these materials, selecting the correct method for pretreatment is critical 
for the success of methane production. The pretreatment option is based on the composition of the 
feedstock and what steps are necessary to prepare the sample for methanogenesis. There are four 
different types of pretreatments, physical, chemical, biological and physical-chemical.  
Raw materials that are large in size and cannot be put directly in the reactor have to be physically 
pretreated by grinding or other methods. These materials include waste activated sludge and some 
food byproducts like the macauba residue used in this experiment.  
2.3.2 Sub-critical Water Hydrolysis  
Another pretreatment option is subcritical water hydrolysis. This is an alternative to using 
corrosive acids and organic solvents that are more harmful to the environment [25]. The primary 
goal of pretreating the biomass is to alter the structure of the raw material and make it more easily 
digestible by the microorganisms [15].  
This technique uses sub-critical water which is water that is between 100 degrees Celsius and 374 
degrees Celsius but kept under a high pressure in order to maintain the liquid state of the water 
[15]. The high temperature supports the conversion of feedstock into simple sugars needed for the 
production of biogas [12]. The use of water as the medium for hydrolysis presents many 
advantages over using more traditional mediums such as acid, alkali or enzymes. Water produces 
less waste and undesirable byproducts and is also less toxic than the other solvents [21]. The main 
use of sub-critical water hydrolysis is to convert organic waste into useful products, however, it 
can also be used as a pretreatment for lignocellulose biomass to produce biogas through anaerobic 
digestion.  
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2.4 Analytical Techniques 
2.4.1 Gas Chromatography 
Gas chromatography is a technology used to help separate and characterize volatile compounds 
[9]. Chromatography is the separation of compounds using two phases, stationary and mobile. This 
technique is used to determine the specific compounds present in a sample and in what quantity. 
The chromatograph calculates the time a sample spends in the column and uses this as the retention 
time. The gas chromatograph produces a plot of retention time versus intensity and based on the 
integrated area of the peaks, the percentage of compounds present can be calculated. The retention 
time is how to determine which compounds are present, since each compound has a specific 
retention time. In this experiment, the levels of hydrogen, oxygen, methane and carbon dioxide 
were measured on each of the samples. Table X shows the approximate retention times of each of 
these species. In addition to the retention time the chromatograms also show the area of each peak. 
The area of each peaked is used to determine the composition of each component of the sample. 
SPECIES RETENTION TIME (MINUTES) 
HYDROGEN 3 
OXYGEN 7 
METHANE 15 
CARBON DIOXIDE 23 
 
The gas chromatograms in this report were analyzed for different components of biogas; methane, 
carbon dioxide and hydrogen as well as monitoring for oxygen [9]. Because this digestion was 
done anaerobically, there should be no oxygen present in the reactor, however some 
chromatograms showed oxygen was present due to exposure during feeding and sampling of the 
reactor.  
 
2.4.2 Total Solids 
Total solids analysis is used to determine the moisture content of a certain sample. There are many 
techniques to do total solids analysis, but an oven method was used for this report. The sample is 
entered into an oven for a specific period of time and the loss of weight is determined as the 
moisture content. The formula for the calculation of the total solids content can be seen below in 
Equation 3. The total solids (TS) are defined as the solids that are left over after drying in an oven.  
𝑇𝑆 = ௪௧ ௪௘௧ ௦௔௠௣௟௘ି௪௧ ௢௙ ௗ௥௬ ௦௔௠௣௟௘
௪௧ ௢௙ ௪௘௧ ௦௔௠௣௟௘
∗ 100 (3) 
In addition to total solids analysis, volatile solids analysis can also help to determine the optimal 
moisture content of the mixture. Fixed solids are defined as the solids that remain after the sample 
is both dried in the over and then incinerated [2]. Volatile solids analysis is the difference between 
the fixed solids and the total solids. The equations for fixed solids (FS) and volatile solids (VS) 
are shown below in equations 4 and 5. 
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𝐹𝑆 = ௪௧ ௢௙ ௪௘௧ ௦௔௠௣௟௘ି௪௧ ௢௙ ௜௡௖௜௡௘௥௔௧௘ௗ ௦௔௠௣௟௘
௪௧ ௢௙ ௪௘௧ ௦௔௠௣௟௘
∗ 100 (4) 
𝑉𝑆 = 𝑇𝑆 − 𝐹𝑆 (5) 
 
2.4.3 pH 
The microorganisms used for anaerobic digestion are sensitive to the pH of the environment of the 
reactor. Because of the different steps in anaerobic digestion, the preferred pH varies depending 
on what step in the process is being targeted [22]. Generally a pH of 6.8-7.2 is preferred for 
anaerobic digestion but some reactors produce more methane under a pH range of 7-8. For this 
reason, it is necessary to test the pH of the reactor regularly and correct it using a base. Over the 
process the pH increases naturally as the acid are digested.  
2.4.4 Alkalinity 
Alkalinity is the buffer capacity of the mixture in the reactor [22]. Alkalinity measures the amount 
of carbonate, bicarbonate and hydroxide ions that are present because all of these ions are key to 
creating a self-buffering mixture. This is important because the microorganisms are so sensitive to 
changes in pH that the more buffer capacity the mixture has, the better production of methane that 
will occur because the pH can be more easily maintained at a favorable level.  Alkalinity is usually 
measured in milligrams of calcium carbonate per liter of sample. The alkalinity is similar to the 
pH, however, it shows a more in depth picture of what is happening in the reactor and picks up on 
more minute changes in the system. It is typically measured in milligrams of calcium chloride per 
liter.  
2.4.5 Chemical Oxygen Demand 
The chemical oxygen demand of a system is the measured amount of organic matter in a system 
[1]. To determine the chemical oxygen demand samples are prepared with oxidants that digest the 
organic matter in the system. A macro or micro method of digestion can be used. After the sample 
is digested the chemical oxygen demand can be determined either by titration or by absorbency. 
Chemical oxygen demand is typically measured in milligrams of oxygen per liter of sample. In 
this experiment the oxidant used was a chromate ion (C𝑟ଶ𝑂ିଶ଻ ).  
In anaerobic digestion the bacteria in the reactor digests the organic material causing a decrease in 
chemical oxygen demand over time [1]. Depending on the feed rate there can be a stabilization of 
the chemical oxygen demand over time as the organic matter is reintroduced in the feed.   
2.4.6 Ammoniacal Nitrogen 
Nitrogen is an important part of anerobic digestion because it helps the bacteria grow and develops 
the process further. Nitrogen can appear in many forms in the digestive material but it occurs most 
commonly as ammoniacal nitrogen [12]. This is why it is important to get a measurement of how 
much ammoniacal nitrogen is in the reactor to see if the bacteria have the optimal environment to 
continue the process of anaerobic digestion [22]. Ammonia can be harmful to anerobic digestion 
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in high quantities but is still necessary for the process [12]. The optimal amount of nitrogen and 
ammonia depend on the feedstock and other conditions in the reactor. There are also different types 
of tests for ammoniacal nitrogen content. If high concentrations are anticipated, a method including 
titration and distillation should be used.  
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3.0 Materials and Methods 
3.1 Raw Materials 
Solid residues (Macauba Nut Shells) from biofuel production were provided by a biodiesel 
production plant located in Campinas, Brazil. Inoculum was provided by AmBev Beer Company 
in Sao Paulo, Brazil. The Macauba shells were grinded as a physical pretreatment to the raw 
material. The before and after pictures of the physical pretreatment can be seen in Figures 3.1 and 
3.2 below.  
 
Figure 3.2: Macauba Shells from biodiesel production plant 
 
Figure 3.3: Physically Pretreated Macauba Shells 
 
3.2 Pretreatment 
Sub-critical water hydrolysis was used to pretreat the Macauba shells. 10 grams of Macauba shells 
were hydrolyzed in the hydrolysis machine to produce 500 ml of hydrolysate. The reactor was run 
at 200ºC and 15 MPa with a flow rate of 10 ml/min. A picture of the hydrolysis reactor can be seen 
in Figure 3.3 below. The hydrolysate was collected in 50 ml Falcon tubes and the residue from the 
reactor was collected in a beaker. When preparing the feedings for the reactor all the hydrolysate 
11 
 
was mixed together with the residue. The feed and initial digestor material were taken from the 
mixture. 
 
Figure 3.4: Sub-critical Water Hydrolysis Machine 
 
3.3 Reactor Set Up 
Two reactors were used to test the pretreatment of the Macauba shells. The first reactor was the 
pretreated reactor and the second reactor was the control reactor. Both reactors were set up in the 
same fashion and Figure 3.4 shows the setup of both reactors in the lab. Both reactors were 4.3 
liters in size and contained 60% liquid and 40% head space left for gas. The digestor experiments 
were run for 30 days. Samples of 110 ml were taken every Monday, Wednesday and Friday during 
the experiment. Every time the digestors were sampled, a feed of 110 ml was also introduced to 
the reactor to replace the sample. Both reactors were attached to 10 liter Supelco Analytical biogas 
collection bags. 
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Figure 3.5: Set up of anaerobic digestors 
 
3.3.1 Pretreated Reactor 
Figure 3.5 shows the setup of the pretreated reactor. The pretreated reactor was loaded with 2.58 
liters of a liquid mixture to match the 60% of the reactor. Of the liquid portion 0.774 liters were 
inoculum and 1.806 liters were hydrolysate from the hydrolysis machine. The reactor has a gas 
sample port, biogas collection tube, reactor sample port and agitation motor.  
The feed was composed only of 110 ml of hydrolysate from the pretreatment reactor.  
Biogas 
Collection 
Bag 
Biogas 
Collection 
Bag 
Pretreatment 
Reactor 
Control 
Reactor 
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Figure 3.6 Setup of Pretreatment Reactor 
3.3.2 Control Reactor 
The control reactor was setup in an identical digestor to the pretreatment reactor. The Macauba 
used in this reactor was only physically pretreated but not placed through a hydrolysis machine. 
The control reactor was initially loaded with 2.58 liters of material which was 35% Macauba and 
65% liquid. The liquid was composed of 60% inoculum and 40% water. The reactor has a gas 
sample port, biogas collection tube, reactor sample port and agitation motor. Figure 3.6 below 
shows the set up of the control reactor.  
The feed was a mixture of 65% water and 35% ground macauba shells. 
Biogas 
collection tube 
Sample Port 
Gas Sample 
Port 
Agitation 
Motor 
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Figure 3.7: Setup of Control Reactor 
3.4 Analytical Techniques 
 
3.4.1 Total Solids Content 
The total and volatile solids were analyzed for each sample from both reactors. Samples were taken 
in triplicate and placed in crucibles. The crucibles were first dried in an oven at 105°C and then 
the mass of each was recorded. Approximately 2 grams of sample was placed in a crucible and the 
exact mass was recorded. The sample was then placed in the oven at 105ºC for 24 hours and the 
mass after drying was recorded. The total solids content was calculated using equation 6 below. 
𝑇𝑆 = ௠௔௦௦ ௗ௥௬ ௦௔௠௣௟௘ି௠௔௦௦ ௢௙ ௗ௥௬ ௖௥௨௖௜௕௟௘
௠௔௦௦ ௢௙ ௪௘௧ ௦௔௠௣௟௘
∗ 100 (6) 
The volatile solids content was found after the total solids analysis. Each crucible was then placed 
in the mufla to be incinerated. The temperature of the mufla was gradually increased to 550ºC 
where the sample stayed for 2 hours. After the sample was moved the mass was recorded. This 
Biogas 
collection tube 
Gas Sample 
Port 
Sample Port 
Agitation 
Motor 
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allowed the fixed solids content to be found using equation 7 and equation 8 shows how volatile 
solids content was found. 
𝐹𝑆 = ௠௔௦௦ ௢௙ ௜௡௖௜௡௘௥௔௧௘ௗ ௦௔௠௣௟௘ି௠௔௦  ௢௙ ௗ௥௬ ௖௥௨௖௜௕௟௘
௠௔௦௦ ௢௙ ௪௘௧ ௦௔௠௣௟௘
∗ 100 (7) 
𝑉𝑆 = 𝑇𝑆 − 𝐹𝑆 (8) 
3.4.2 Volume of Biogas Produced 
Every day the amount of biogas produced was recorded. A 60 ml syringe was used to empty the 
biogas from the reactor and the gas collection bag every day. 600 ml of biogas was taken from 
each reactor every day of the trial to alleviate the pressure of the head space and the gas collection 
bag was emptied in full and both amounts of biogas were recorded.  
3.4.3 Composition of Biogas 
Every day the composition of biogas was also analyzed. A 0.5 ml sample of biogas was taken from 
the headspace in the reactor and placed into a gas chromatograph (GC-2014) and analyzed daily. 
The temperature of the gas chromatograph was set at 250ºC and 35 ml/min. The retention time, 
area and ratio of area to height were recorded for hydrogen, oxygen, methane and carbon dioxide.  
3.4.4 pH 
The optimal pH range for anaerobic digestion is between 6.5 and 8.0 [22]. Every Monday, 
Wednesday and Friday when the reactors were sampled, the pH was also monitored and corrected. 
The pH was monitored with a Sinergia W3B pH meter with calibrations at 4 and 7. A 20 ml sample 
was taken and drops of 2 M sodium hydroxide were added until the pH was between 7.0 and 8.0. 
This was then converted to an amount that would correct the overall pH in the reactor based on the 
ratio between the number of drops that corresponds to 1 milliliter. This number was then scaled 
up to the amount of liquid in the reactor. The sodium hydroxide was then mixed with the feed and 
introduced into the reactor.  
3.4.5 Alkalinity 
The alkalinity was measured every Monday, Wednesday and Friday that samples were taken. 5 
grams of sample was taken and diluted with 50 ml of deionized water in a 250 ml Erlenmeyer 
flask. The flask was placed in a Tecnal TE-421 shaker at 200 rpm, 25°C for 1 hour. 10 ml of the 
diluted sample was placed into a 40 ml beaker with a magnetic stir bar. The pH of the sample was 
recorded, and the magnetic stirrer was turned on. 0.2 M sulfuric acid was added to the sample until 
the pH was between 4.3 and 4.7. The volume of sulfuric acid added was recorded. The alkalinity 
was calculated using equation 10 [22].  
𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 =  ெಹమೄೀర∗௏ಹమೄೀర∗ହ଴଴଴଴
ଵ଴ ௠௟
 (10) 
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3.4.6 Chemical Oxygen Demand (COD) 
The chemical oxygen demand was calculated for all of the samples taken from the reactors. 5 
grams of sample were placed into a 250 ml Erlenmeyer flask and diluted with 50 ml of deionized 
water. The flask was placed in a Tecnal TE-421 shaker at 200 rpm, 25°C for 1 hour. The samples 
were then filtered by cotton and by vacuum. The HACH tubes were rined with 2 M sulfuric acid 
solution. 2.5 ml of the filtered solution was placed into the HACH tubes three times. 1.5 ml of 
digestive solution and 3.5 ml of catalytic solution were added to the HACH tube and then it was 
vortexed. The tubes were placed into a block digestor at 150ºC for 2 hours. The samples were 
removed from the digestor and placed in the dark to cool for 1 hour. The absorbance of the samples 
was then read in a spectrophotometer at 610 nm. A standard curve was also made the first time 
preparing the samples by analyzing samples of 25 mg COD/ liter, 100 mg COD/liter, 500 mg 
COD/ liter, 700 mg COD/ liter, 900 mg COD/ liter, and 1100 mg COD/liter. The absorbance of 
these samples were plotted on a graph and a line of best fit was found. The slope and y-intercept 
of this standard line was used to calculate the COD of the rest of the samples using equation 9 
below [1].  
𝐶𝑂𝐷 =  ௔௕௦௢௥௕௔௡௖௘ି௬ି௜௡௧௘௥௖௘௣௧
௦௟௢௣௘
 (9) 
 
3.4.7 Ammoniacal Nitrogen 
The ammoniacal nitrogen content was found for each sample taken from both reactors. 5 grams of 
the sample was placed into a 250 ml Erlenmeyer flask and diluted with 50 ml of deionized water. 
The flask was placed in a Tecnal TE-421 shaker at 200 rpm, 25°C for 1 hour. The sample was then 
filtered by cotton into a new 250 ml Erlenmeyer flask and then filtered by vacuum. 5 ml of the 
sample was then placed into a 30 ml beaker along with 5 ml of a borate buffer. The pH was adjusted 
to 9.5 by adding drops of 6 M sodium hydroxide and the number of drops added were recorded. 
The solutions were then transferred to a Kjeldahl digestion buffer tube. 10 ml of absorbance 
solution was placed into 250 ml Erlenmeyer flask.  
A Marconi nitrogen distiller was used to connect the samples. First a tube of distilled water and a 
sample of distilled water was connected to heat up the machine. Then a blank sample of 5 ml of 
distilled water and 5 ml of borate buffer were connected and run through the nitrogen distiller until 
the flask filled to 100 ml. The tube and flask were disconnected from the distiller and left to cool. 
The flask was then titrated with 0.2 M sulfuric acid until the solution turned pink. This process 
was then repeated with the triplicate samples. After removing them from the distiller we titrated 
until the color matched that of the blank, recording how much sulfuric acid was added to each 
sample. Equation 10 was used to find the ammonia concentration in the sample [10].  
𝐴𝑚𝑚𝑜𝑛𝑖𝑎𝑐𝑎𝑙 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 = (஺ି஻)∗ଵସ∗ெಹమೄೀర
௏ೄೌ೘೛೗
 (10) 
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Where A is the volume of sulfuric acid added to each of the samples and B is the volume of sulfuric 
acid added to the blank. 
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4.0 Results and Discussion 
4.1 Total and Volatile Solids 
The total and volatile solids were collected every Monday, Wednesday and Friday from the 
samples. The total solids were found after leaving the samples in the oven and the fixed solids 
were found after incinerating the samples. The volatile solids were then calculated based on those 
two values. The total solid and volatile solid content of the reactor allows for a better understanding 
of the composition of the reactor and how much it changes over time. 
 
Figure 4.8:Total and Volatile Solids Measurements for both Control and Pretreatment Reactors 
Figure 4.1 shows the total and volatile solids contents of both reactors over 30 days. The Control 
reactor had a much greater solids content than the pretreatment reactor. This is due to the initial 
conditions and feed conditions for both reactors. The control reactor was fed with and initially 
contained solid macauba shells. The pretreatment reactor was fed with and initially contained 
macauba shell hydrolysis. In general, the solid content of both reactors did not fluctuate much 
because they were being fed with a similar content than they initially contained. The control reactor 
was more stable in the solid content because each sample taken was a more consistent consistency 
whereas, the pretreatment reactor was more separated, and it was hard to get a sample with the 
same amount of solid content each time.  
4.2 Chemical Oxygen Demand 
The chemical oxygen demand was collected every Monday, Wednesday and Friday. The COD 
measurement is taken to assess the amount of organic content within the reactor to see how much 
potential of the reactor has to produce biogas. The chemical oxygen demand measures the 
intermediates between the feedstock and the biogas.  
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Figure 4.9: Chemical Oxygen Demand of Pretreated and Control Reactor 
Figure 4.2 shows the chemical oxygen demand of both reactors over 30 days. The control reactor 
had a much greater chemical oxygen demand over the trial period. Both reactors had a very stable 
chemical oxygen demand over the 30 days. The pretreatment reactor had much less chemical 
oxygen demand than the control reactor. Usually a greater chemical oxygen demand corelates to a 
greater yield in biogas. However, having a greater amount of chemical oxygen demand over the 
entire trial period means that not all of the organic content in the reactor is used because it stays as 
the intermediates between feedstock and biogas. The pretreatment reactor does have lower 
chemical oxygen demand but that is indicative of the reactor not containing the intermediates that 
are between the raw material and the final product of the biogas. This could be because the 
pretreatment reactor produced biogas at a faster rate and therefore contained less intermediates 
than the control reactor.  
4.3 Ammoniacal Nitrogen 
Ammoniacal nitrogen content was measured every Monday, Wednesday and Friday. This is 
similar to chemical oxygen demand as it also measures the intermediates in the steps of anaerobic 
digestion. Typically, within anaerobic digestion, a greater ammoniacal nitrogen content correlates 
to a greater yield of biogas because there are more intermediates to turn into carbon dioxide and 
methane [20].  
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Figure 4.10: Ammoniacal Nitrogen Content of Pretreated and Control Reactors 
Figure 4.3 shows the ammoniacal nitrogen content in both reactors. This graph shows the parallel 
between the chemical oxygen demand and ammoniacal nitrogen content because both of these are 
measures of the intermediate steps in anaerobic digestion. The pretreatment reactor had the same 
trend in ammoniacal nitrogen that it did with chemical oxygen demand. It was less throughout the 
entire trial period and that is indicative that the reactor did not spend any time in the intermediate 
stages. Although ammoniacal nitrogen content is a measure of the intermediate steps of anaerobic 
digestion, having too much nitrogen in the reactor can hinder anaerobic digestion more than it can 
help [10]. 
4.4 Alkalinity 
The alkalinity is the measure of the buffer capacity in any reactor [22]. It gives a more complete 
picture of what is occurring in the reactor.  
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Figure 4.11: Alkalinity of the Control and Pretreatment Reactors over 30 days 
Figure 4.4 shows the alkalinity in both reactors over the 30-day trial period. The alkalinity of the 
pretreated reactor was consistently less than the control reactor and steadily grew over time. The 
two low points of the alkalinity of the control reactor occurred on days where a different pH meter 
had to be used. The alkalinity came out less, but these could be outlier data points. The alkalinity 
is a measure of the buffer capacity and the control reactor had a greater alkalinity for the average 
of the time.  
4.5 pH 
The pH was measured in both reactors every Monday, Wednesday and Friday. The optimal pH of 
an anaerobic digestor is between 6.5 and 8 [22]. The pH was taken to make sure the reactor had 
the optimal conditions throughout the trial period and if the conditions inside needed to be 
corrected. 
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Figure 4.12:pH of the Control and Pretreated Reactors over 30 Days 
Figure 4.5 shows the pH in both reactors over the 30-day trial period. The pretreatment reactor had 
a higher pH over the trial period than the control reactor. This lends itself towards a more 
conducive environment for biogas production and should have a higher yield of methane. Both 
reactors held a relatively stable pH throughout the trial period as well. The pretreated reactor did 
not need to be corrected as many times as the control reactor. The control reactor had a greater 
alkalinity than the pretreated reactor which means it had a better ability to control the pH. This can 
be shown in Figure 4.5 where the control reactor was consistently below the range of 7-8, the ideal 
pH for anaerobic digestion, despite being corrected with sodium hydroxide each time.  
4.6 Volume of Biogas 
The volume of biogas was measured every weekday from each reactor. 600 ml of biogas was taken 
from each reactor ever time. The entire contents of the collection bag were emptied each day as 
well.
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Figure 4.13: Biogas Production of Control and Pretreated Reactor over 30 Days 
Figure 4.6 shows the biogas production each day of the trial period. The pretreated reactor 
produced much more biogas at the beginning of the 30 days but both reactors stabled out after 
about 10 days an produced the same amount of biogas.  
 
Figure 4.14: Accumulated Volume of Biogas over 30-day Trial Period for the Control and Pretreated Reactor 
Figure 4.7 shows the accumulated biogas volume for both reactors over the entire trial. This graph 
shows that the pretreated reactor started up quicker than the control reactor. The two reactors, after 
startup, grew at essentially the same slope but the pretreated reactor had more overall biogas 
produced.  
4.7 Composition of Biogas 
The composition of biogas was also taken every weekday from both of the reactors. There were 
four components that were tested for in the biogas; methane, carbon dioxide, oxygen and hydrogen. 
Methane is the most important content of the biogas and a greater percent of methane is more 
useful within biogas production.  
Pretreatment Reactor 
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Figure 4.15: Composition of Biogas in Pretreated Reactor over 30 Days 
 
Figure 4.16:Composition of Biogas for the Control Reactor over 30 Days 
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Figure 4.8 and Figure 4.9 show the biogas composition for both reactors over 30 days. The 
pretreated reactor has a consistently greater methane composition than carbon dioxide within the 
30 days. The control reactor starts with a significantly greater carbon dioxide composition than 
methane but then stabilizes out around day 19. In day 1 of the pretreated reactor a spike in hydrogen 
composition is seen on the figure. This is consistent with the process of anaerobic digestion where 
the second stage is acidogenesis and requires a large composition of hydrogen. Day 2 shows the 
start of the production of methane because it is produced in the last stage of anaerobic digestion 
called methanogenesis. Both reactors have two spikes in oxygen during the 30 days. This is 
inconsistent with anaerobic digestion because it is supposed to occur in the absence of oxygen. 
The oxygen present on those days can be attributed to oxygen leaks within the reactors from 
feeding and sampling the reactors the days prior.  
 
Figure 4.17: Average Methane and Carbon Dioxide Composition from Day 2 to Day 30 for the Pretreated Reactor 
70% ±
10%
30% ±
10%
Methane Carbon Dioxide
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Figure 4.18: Average Composition of Biogas from Day 1 to Day 30 for the Control Reactor 
Figure 4.10 and Figure 4.11 show the average compositions of carbon dioxide and methane in both 
reactors from day 2 to day 30. Day 1 is omitted because it included the acidogenesis stage for the 
pretreated reactor which does not have a large methane peak. These graphs are only through the 
stable periods of both reactors. The control reactor does not experience the same acidogenesis as 
the control reactor, so the average was taken for the entire trial period because day 1 methane was 
produced. These figures show that the pretreated reactor has a significantly greater average 
composition of methane throughout the 30 days and suggests the pretreatment was a better option 
than the untreated macauba for a feedstock. 
 
4.8 Minimum Work Separation 
Control Reactor 1.79 J/Kg 
Pretreated Reactor 31.7 J/Kg 
Table 1: Minimum work separation of the control and pretreated reactors 
Table 1 shows the minimum work separation of both reactors based on the average compositions 
of the biogas produced shown in Figures 4.10 and 4.11. The minimum work separation was 
calculated assuming the biogas produced was and ideal gas. It was also normalized based on the 
mass of macauba shells used to initially feed each reactor. This value shows the amount of work 
it takes to separate the mixture of carbon dioxide and methane in each reactor based on the amount 
of solid macauba shells used. These numbers when compared to the total heat generated for each 
reactor are negligible and can be ignored.  
 
40% ±
10%60 % ±
10%
Methane Carbon Dioxide
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4.9 Energy Produced 
The accumulated energy produced by each reactor was calculated [5]. The volume of the gas 
produced each day and methane content were used to find the moles of methane using the ideal 
gas law. The gas was assumed to be ideal and the temperature and pressure were assumed to be 
standard. The moles of methane were multiplied with the heating value [6]. The total mass of raw 
material put into each reactor was calculated and used to normalize both of the energy values by 
kilogram.  
 
Figure 4.19: Accumulated Energy Output from Pretreated and Control Reactor over 30 Days 
Figure 4.12 shows the accumulated energy output from both reactors over the trial period. The 
control reactor produced significantly less energy per kilogram of macauba fed into the reactor 
and this can be attributed to two things. First, the methane content of the control reactor was 
significantly lower than the pretreatment reactor which accounted for a low number of moles. 
Methane is the more useful component in biogas, and it is ideal to have a higher methane content 
which the control reactor did not. Second, the control reactor used a significantly greater amount 
of macauba shells in the initially feeding of the reactor and all subsequent feedings. This greatly 
reduced the energy output which was already lower than the pretreated reactor. This figure shows 
that this pretreatment is a better fit for anaerobic digestion than no pretreatment of the shells and 
should be used in the future to compare with other pretreatments.  
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5.0 Conclusions and Recommendations 
The conclusion on the effect of sub-critical water hydrolysis as a pretreatment for anaerobic 
digestion of macauba shells is that it significantly enhances the digestion and the amount of energy 
to be produced. It can be concluded that the pretreatment increased the volume of biogas produced, 
the methane content of the biogas and therefore also the amount of energy produced per mass of 
raw material used. The hydrolysis broke down the feedstock in a way that sped up the anaerobic 
digestion and should be used in future anaerobic digestion trials with macauba shells.  
General recommendations from the impact of this project would be to continue the study into the 
feasibility of macauba as a viable source for renewable energy. This trial with macauba shells and 
sub-critical water hydrolysis as the pretreatment could be duplicated and carried out for a longer 
trial period. For some of the data collected, it was observed that a stabilization started to appear 
later into the trial period and a longer period would allow for more stabilization. The biotar lab at 
the University of Campinas, carried out this experiment longer than the 30-day trial period used in 
this paper. Those results should be compared with this paper to determine if the stabilization trends 
still support these conclusions. This pretreatment did significantly increase energy output 
compared to the control reactor, however, other pretreatments such as sonification have been 
shown to also yield higher results and should be tested in order to determine the optimal 
pretreatment for macauba shells and anaerobic digestion.  
The next step for the sub-critical water hydrolysis pretreatment would be to determine the 
economic feasibility of this process specifically for macauba shells. An optimization process could 
be undergone in order to minimize energy intake from the pretreatment but maximize energy 
output from the digestor. Varying parameters such as pH, continuous vs. batch process, and 
different amounts of raw material could be used in the start up of the process. The feasibility of 
using macauba as a feedstock should also be examined. Because macauba has little edible 
applications, it is not grown as widely as soybeans are in Brazil. A biorefinery process should be 
mapped for the lifecycle of the macauba plant. A cost benefit analysis can be performed to 
determine the economic gain potential held by using macauba for renewable energy such as 
biodiesel and biogas. Due to the fact that each part of the macauba nut can be used for some 
purpose, it is beneficial to determine the impact this plant could have on the renewable energy 
sector in Brazil and other South American Countries.  
This process was carried out in a laboratory setting and following the optimization and economic 
feasibility process, a scale-up procedure should be determined. Different feed rates or operating 
procedures may need to be implemented to operate this process as a large-scale operation. The 
conclusions drawn from this experiment were promising for the use of sub-critical water hydrolysis 
as a pretreatment for anaerobic digestion. It should be examined for other feedstocks and 
determined how to perform this process on a large scale. Renewable energy is an important topic 
to continue to research and anaerobic digestion is an important technology within the field. Making 
plausible feedstock and pretreatment pairings is a step in the right direction to mitigate the 
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environmental impact that fossil fuels have. These harmful energy sources are not sustainable and 
require more research into sectors such as biogas and biodiesel. Macauba has promising potential 
in both applications and should be considered further as a viable candidate for large scale 
production.  
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6.0 Future Work 
The control and pretreatment reactors will continue to operate as normal under a 50-day trial period 
where the same data will be collected. The preliminary results of this work are expected mid-April 
2020 and will be further developed. In addition, the initial characterization of the macauba shells 
and the inoculum used in this project will be performed. All of this work will be performed by the 
project partners in the Biotar lab at the University of Campinas in the department of food 
engineering.  
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Appendix A: Raw Data for Total Solids 
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Appendix B: Raw Data for COD 
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Appendix C: Raw Data for Ammoniacal Nitrogen 
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Appendix D: Raw Data for Alkalinity 
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Appendix E: Raw Data for pH 
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Appendix F: Raw Data for Volume of Biogas 
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Appendix G: Raw Data for Biogas Composition 
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Appendix H: Raw Data for Energy Calculation 
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Appendix I: COD Standard Curve 
 
 
 
